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Introduction
The main mechanism which occurs in many industrial processes such as cooling of electronic device, reactor insulation, home ventilation, solar collector and, etc. (Ostrach, 1988) is the free convection fluid flow heat transfer. These systems must be designed for maximum thermal efficiency and minimum size that low thermal conductivity of traditional used coolant, such as oil, water and ethylene glycol, is an important limitation. For instance; for a specified thermal efficiency in a double tube heat exchanger, the length of the heat exchanger must be increased when the thermal conductivity of the coolant decreases. It is observed that a mixture of nano-sized particles suspended in a base fluid, which is named nanofluid (Choi, 1995) , has a higher thermal conductivity compared to that of the based fluid. In recent years, different aspects of nanofluids have been studied comprehensively. Investigation of thermo-physical properties of nanofluids (thermal conductivity, effective dynamic viscosity and thermal expansion coefficient) can be found in literatures such as Kang et al. (2006) , Turgut et al. (2009) , Rudyak et al. (2010) and Nayak et al. (2010) . Some theoretical, numerical and experimental studies on nanofluids include forced convection heat transfer Maiga and Nguyen (2006) , Behzadmehr et al. (2007) , and Santra et al. (2009b) , boiling heat transfer Das et al. (2003) , and mixed convection heat transfer Tiwari and Das (2007) , Muthtamilselvan et al. (2010) and Mahmoodi,. Khanafer et al. (2003) were the first investigators who conduct a numerical study on free convection heat transfer inside rectangular cavities filled with nanofluids. They found that increase in the solid volume fraction of the nanofluid increases the rate of heat transfer for the entire range of Grashof number considered. Santra et al. (2008) studied free convection of Cuewater nanofluid in a differentially heated square cavity with the assumption of OstwaldedeWaele non-Newtonian behavior of the nanofluid. They found that the heat transfer decreases when the solid volume fraction of the nanofluid increased for a particular Ra, while it increases with Ra for a particular solid volume fraction of the nanofluid. Investigation of different applications of nanofluids can be found in the literature such as forced convection of nanofluids Santra et al. (2009a) and Strandberg and Das (2010) , boiling heat transfer of nanofluids Das et al. (2003) and mixed convection of nanofluids Akbarinia and Behzadmehr (2007) , Akbari et al. (2008) , Ghaffari et al. (2010) , Mahmoodi (2011) and Arefmanesh and Mahmoodi (2011) . There are a number of recent studies on free convection inside cavities containing nanofluid. Khanafer et al. (2003) investigated numerically the problem of free convection of nanofluid in rectangular cavities with cold right wall, hot left wall and insulated horizontal walls. They found that the rate of heat transfer increased with the increase in nanoparticles volume fraction. Since the free convection heat transfer of nanofluids in the thermal engineering applications will be extending the existing knowledge, the authors are motivated by interest in investigating the effects of a nanofluid in laminar free convection heat transfer between two intertwined enclosures. The most convenient application of O-shaped enclosures can be cooling of some electronic parts in the manufactures. By using nanofluids, the cooling efficiency can be enhanced. Motivated by the work referenced above, the present study considers a numerical solution for natural convection fluid flow and heat transfer of a water-based nanofluid inside C-shaped enclosures. The governing equations in terms of the primitive variables in Cartesian coordinate system are discretized using the finite difference method. The effects of the aspect ratio of enclosure, nanoparticles volume fraction and the Rayleigh number on the flow pattern, temperature field and the heat transfer characteristics are investigated and discussed.
Mathematical modeling
Consider two-dimensional natural convection fluid flow and heat transfer of various water-based nanofluids inside C-shaped enclosures. Figure 1 shows the schematic illustration of the problem under consideration. The C-shape cavity consists of a complete square cavity whose dimension is H imposed of it a smaller square whose dimension is W at the center of the right rib of the big square. The aspect ratio AR which is the ratio of W to H, changes according to W, and this affects the natural convection fluid flow. The inner ribs {OP, PQ, QR} are cold, while BC is totally hot and the ribs {AB, CD} are partially hot, where the source of length "B" is movable. Elsewhere, the boundaries are subjected to adiabatic conditions. A water-based nanofluid occupies the region inside the C-shaped enclosure. The nanofluid is assumed incompressible. The governing equations based on these assumptions together with adopting the Boussinesq approximation and known nanofluid model (Ostrach, 1988) can be written as: 
where all parameters are defined in the Nomenclature section. Numerous formulations for the thermo-physical properties of nanofluids are proposed in the literature. In the present study, we are adopting the relations which depend on the nanoparticles volume fraction only and which were proven and used in many previous studies as follows.
The nanofluid density, heat capacity and density times thermal expansion coefficient (Ostrach, 1988) are given by:
The thermal diffusivity and thermal expansion coefficient of the nanofluid (Ostrach, 1988) are defined as:
The nanofluid viscosity based on the Brinkman model (Ostrach, 1988 ) is given by:
The nanofluid thermal conductivity, based on Maxwell-Garnetts model (Ostrach, 1988) is given by:
Introducing the following dimensionless set:
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C-shaped nanofluid-filled enclosure into Equations (1)-(4) yields the following dimensionless equations:
where:
are the Rayleigh number and the Prandtl number, respectively. The proper dimensionless boundary conditions for the problem are given by:
on walls :
on walls OP; PQ; QR :
The local Nusselt number along the heated side can be written as:
where h is the heat transfer coefficient is given by:
The thermal conductivity at the enclosure walls AB and BC can be written as:
The local Nusselt number at the different enclosure walls are given by:
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The average Nusselt numbers of interest can be calculated from:
Numerical method
In this investigation, the finite difference method (Mansour et al., 2010 ) is employed to solve the governing equations with the boundary conditions. Central difference quotients are used to approximate the second derivatives in both the X and Y directions. Then, the obtained discretized equations are solved using a Gauss-Seidel iteration technique (Grosan et al., 2009; Ratish Kumar et al., 1998) . The solution procedure is iterated until the following convergence criterion is satisfied:
where w is the general dependent variable. The numerical method was implemented in a FORTRAN software. The finite difference method uses fife sets of grids: 26 Â 26, 51 Â 51, 76 Â 76, 101 Â 101, 121 Â 121. There is a good agreement was found between 76 Â 76 and (121 Â 121) grids, so the numerical computations were carried out for 76 Â 76 and (121 Â 121) grid nodal points. In order to verify the accuracy of the present method, the obtained results under special cases are compared with the results obtained by Grosan et al. (2009) and Haajizadeh et al. (1984) . Table I shows that a good agreement was found between the present results and the results obtained by the previous works. These favorable comparisons lend confidence in the numerical results to be reported subsequently.
Results and discussion
The numerical results for the considered problem are presented in terms of the vertical velocity profiles, streamlines, isotherms, average Nusselt number and the local Nusselt number in Figures 2-23. Figure 2 illustrates effect of increase in AR on the flow pattern and temperature distribution inside the enclosure filled with a pure fluid (f ¼ 0) at Ra ¼ 10 5 . As can be seen from the streamlines in the figure, for AR ¼ 0.2 the fluid is heated by the sources and expands as it moves upward. Then the fluid is cooled by the cold rib and compressed as it moves downward. Hence, a clockwise eddy is established in the whole portion of the enclosure. The isotherms for this aspect ratio are condensed adjacent to the top of the cold rib. It means that the top wall of the rib has a minor effect in cooling the fluid. Moreover, as the C-shaped enclosure becomes narrower, the local Rayleigh number and buoyancy force in the region between the cold rib and the bottom wall Haajizadeh et al. (1984) Grosan et Also, it must be noted that when the aspect ratio of the cavity increases, the isotherms become more evenly distributed on the top of the cold rib. From the observed results, maximum and minimum limits are found for developing the Rayleigh-Bénard cells in the gap between the source and the cold rib. Figure 3 shows the streamlines and isotherms inside the C-shape enclosure filled with a pure fluid at AR ¼ 0.4, D ¼ 0.5, B ¼ 1/3. It can be observed that, for the bottom wall, the greater the Rayleigh number the more heat transfer occurs. On the contrary, the smaller the Rayleigh number, the more obvious effect for the top-heat source. Figure 5 shows the streamlines and isotherms for a pure fluid at AR ¼ 0.4, Ra ¼ 10 5 , B ¼ 1/3 and for different positions of the heat source. As the heat source at the top wall moves toward the mid cavity, its effect becomes more clearly. On the other hand, there is no huge difference that can be observed for the bottom heat source. The streamlines tend to be divided when the heat source moves away from the mid cavity region. Notes: Cu-Water, D=0.5, B=1/3, Ra=10 5 and φ=0.1 Figure 12 . Variation of local Nusselt number along the heat source at the bottom for various aspect ratios
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C-shaped nanofluid-filled enclosure Figure 6 shows the streamlines and isotherms inside the C-shape enclosure filled with a nanofluid (f ¼ 0.1) at Ra ¼ 10 5 , B ¼ 1/3, D ¼ 0.5 for different aspect ratios of enclosure. It can be noticed that a great difference in contour lines for small values of the parameter AR (such as AR ¼ 0.2) because of the nanoparticles existence, where the streamlines and isotherms are scattered in fine way. Figure 7 shows the streamlines and isotherms at Ra ¼ 10 5 , AR ¼ 0.4 and for different heat source lengths. The streamlines for the pure case take a parallelogram shape in the center while take an oval shape for the nanofluid case. Clearly, there is no a big change in the isotherms.
In Figure 8 , which shows the streamlines and isotherms with different values of the Rayleigh number, the streamlines tend to be in circular shape in the center of the A huge difference appears in the isotherms because of the effect of (f). By comparing Figure 8 (a)-(d), it is found that the lines are compressed as the Rayleigh number increases. Figure 9 shows the streamlines and isotherms inside the C-shape enclosure filled with a nanofluid at Ra ¼ 10 5 , AR ¼ 0.4, D ¼ 0.5, B ¼ 1/3 and for various values of the solid volume fraction. For the considered parametric conditions, the effect of (f) is weak as seen from the corresponding contours. 
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C-shaped nanofluid-filled enclosure while its minimum value takes place at B ¼ 0.8, so the heat transfer is inversely proportional to the heat source length. Figure 11 shows the variation of the average Nusselt number with the solid volume fraction for different enclosure aspect ratios. The effect of aspect ratio on the average Nusselt number looks like that of the effect of the heat source length. Figure 12 presents the effect of the local Nusselt number along the heat source at the bottom for various values of the aspect ratio. For AR values o0.8, the local Nusselt number rate increases slowly. At AR ¼ 0.8, the curve is symmetric, increases at ends and decreases in the middle. Generally, as the aspect ratio increases, the local Nusselt number increases. Figure 13 shows the profiles of Nu m -f for various values of the Rayleigh number. For Ra ¼ 10 3 the heat transfer rate is nearly constant, it is also so for Ra ¼ 10 4 except for values f40.25, where the heat transfer decreases. For Ra ¼ 10 5 and 10 6 , the heat transfer increases gradually. Figure 14 shows the variation of the average Nusselt number with the heat source location at various aspect ratios and B ¼ 1/3, Ra ¼ 10 5 and f ¼ 0.1. For the least value of AR, the heat transfer rate tends to be a constant line. The curve corresponding to AR ¼ 0.4 looks like that of 0.8, they increase gradually. When AR ¼ 0.6, the curve is symmetric; increases in the first half and decreases in the second half. 
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C-shaped nanofluid-filled enclosure Figure 15 presents the effects of the location of the heat source on the average Nusselt number. At low Rayleigh numbers, as the heat source moves toward the middle of the bottom wall, the average Nusselt number increases. This is because of moving the heat source toward the cold wall. In this part of the study, an enclosure filled with different types of nanofluids with a heat source (B ¼ 1/3 and D ¼ 0.5) is considered. Figure 16 shows the symmetric profiles of the vertical velocity along the mid-section of the enclosure for different values of the Rayleigh number. Because AR ¼ 0.4, the velocity along X40.6, equals zero. For the active part of the enclosure, the variation in the velocity profile is divided into two halves, in the first half, the direction of velocity is positive and in the other half, it reverses its direction. Note that the rate of change for Ra ¼ 10 3 is close to zero. The vertical velocity profiles along the mid-section of the enclosure for different heat source locations are presented in Figure 17 . Symmetrical velocity profiles are observed which indicate the direction of the flow rotation within the enclosure. In fact, the flow rises near the left wall and descends near the edge-PQ. It is also clear that the absolute magnitude of the vertical velocity does not have a great difference with increasing the heat source location because of the geometrical properties of the shape. Figure 18 presents the vertical velocity profiles along the mid-section of the enclosure for different heat source lengths. The results prove the existence of two counter-rotating circulating cells for all different lengths of the heat source. For the cases, where the heat source is not located in the middle, unsymmetrical velocity profiles indicate unbalanced circulating cells within the enclosure. Moreover, the maximum velocity increases as the heat source moves toward the middle.
The vertical velocity profile along the mid-section for different aspect ratios is presented in Figure 19 for D ¼ 0.5, B ¼ 1/3., Ra ¼ 10 5 , Ra ¼ 10 5 and f ¼ 0.1. It can be obviously deduced that the curve of AR ¼ 0.2 has the most wide range of variations in the velocity profile. Figure 20 shows the profiles of the local Nusselt number along the heat source for different heat source lengths. As stated earlier, the highest and the lowest local Nusselt numbers are obtained at the right end and at the left end of the heat source, respectively. In general, increasing the heat source length causes the local Nusselt number profile to decrease. By considering Equation (22), the inverse of this trend can be predicted for the heat source temperature profile.
The rates of the local Nusselt number along the heat source at the bottom for various values of the solid volume fraction are shown in Figure 21 . The local Nusselt number increases as X increases and the minimum local Nusselt number occurs when f ¼ 0.05 while the maximum local Nusselt number takes place when f ¼ 0.2. Figure 22 shows the profile of the local Nusselt number along the heat source for different types of nanofluids. The profiles are obtained for all nanofluids with the lowest Nusselt number at the middle of the heat source. It can be seen from Table II that TiO 2 has the lowest value of the thermal conductivity compared to other nanoparticles; hence, it has the lowest values of the Nusselt number. Cu and Ag, on the other hand, have the highest values. In addition, the thermal conductivity of Al 2 O 3 is approximately one-tenth of those of Cu and Ag (Table II) , thus, the Nusselt number for Al 2 O 3 is lower than those for Cu and Ag. , the average Nusselt number also increases with the solid volume fraction with a lower gradient compared to that for Ra ¼ 10 4 . As shown above, the effect of aspect ratio inverses that of the heat source length for the local values of Nusselt number; such that the first strengthens the rate of heat transfer in the enclosure while the second weakens it. But for the mean value of the Nusselt number, their effects are equivalent. On other hand, the parameters such as the Rayleigh number, solid volume fraction, heat source location and the enclosure aspect ratio which are subjected to heat source location have positive effects on the average Nusselt number.
Conclusion
Natural convection in a partially heated C-enclosure from bottom and top, filled with different types of nanofluids has been numerically investigated. The effects of Rayleigh number, solid volume fraction, heat source length and location and the type of nanofluid on the enclosure cooling performance are studied. The increase of the Rayleigh number strengthens the natural convection flow which results in the reduction of the heat source temperature. Also, the increase of the solid volume fraction of nanoparticles pulls down the maximum temperature of the heat source particularly at low Rayleigh numbers where conduction dominates the heat transfer scheme. The increase of the heat source length enforces the heat transfer to the nanofluid and the existence of natural convection circulating cells within the enclosure. As the heat source moves from left region toward the middle of the bottom wall of the enclosure, considering low Rayleigh numbers, the heat source maximum temperature continuously increases. As the C-shaped enclosure becomes narrower, the rate of heat transfer increases. Also, as the Rayleigh number increases, the rate of heat transfer increases for a constant enclosure aspect ratio.
